Vitamin C breaks DNA only in the presence of oxygen. Superoxide dismutase has no effect on the reaction but catalase suppresses it. Superoxide also gives rise to breaks in DNA suppressible by both superoxide dismutase and catalase. The hydroxyl radical seems to be the agent responsible for strand cleavage itself.
INTRODUCTION
Vitamin C has received a great deal of popular attention recently primarily as a result of the claims of Pauling that very large doses are beneficial in combatting the common cold. The controversy that has arisen since, suggests a lack of good data and the possibility of large individual variabilities in response to the vitamin therapy. Yew has shown that guinea pigs thrive best on diets in which ascorbate is about 40 times the recommended dose on a body-weight basis. There was also a particularly marked variation from animal to animal at the lower levels of intake. The chemistry of vitamin C is complex and a multiplicity of roles is expected in vivo. It is required as a cofactor in some oxidation reactions requiring molecular oxygen, for example the oxidation of dopamine to noradrenalin or homogentisate to 4-maleylacetoacetate. It accelerates hydrolytic deamidation of certain peptides and this has been implicated as a molecular "timer" in biological systems.
It has also been shown to be an anti-viral agent against certain lactobacillus bacteriophages.
Various reducing agents , including vitamin C ' have been reported to cleave DNA and in the case of vitamin C the cleavage was shown to be oxygen dependent. We independently made similar observations using an assay which we have recently developed for measuring the conversion of covalently-closed 28 circular (ccc) DNA to open circular (oc) DNA.
The assay is both rapid and sensitive exploiting the fluorescence of ethidium bound to duplex DNA, and encouraged us to investigate the mechanism of DNA and RNA strand cleavage.
Q
In a separate study on the antiviral properties of vitamin C , the viability of bacteriophage R17 was decreased by 10 in four minutes in 1 mM vitamin C, 10 uM Cu . Under these conditions the RNA is extensively degraded but the phage particle was essentially intact and could still inject the degraded RNA into the E_. Coli host, (Wong and Paranchych, private communication) . It therefore appears that the lethal event is at the level of RNA degradation. We attempted to extend the impressive antiviral activity of vitamin C to testing the effects of vitamin C ingestion on the capacity for blood serum to inactivate R17 phage. Serum completely protected R17'phage against inactivation even with exogenously added vitamin C. The protection was shown to be heat-labile and was traced to catalase.
In parallel studies the requirement for oxygen suggested the possibility of the superoxide radical being involved. Superoxide is formed by the donation of an electron to 0_ and since vitamin C forms a stable free radical with the loss of an electron, it could provide a source of electrons. In addition it was found that superoxide did indeed lead to DNA strand cleavage which was completely inhibited by catalase. An enzyme which dismutates superoxide to oxygen and hydrogen peroxide (superoxide dismutase) has been q characterized by McCord and Fridovich and shown to be ubiquitous in aerobic organisms. The importance of superoxide dismutase is indicated by the fact that obligate anaerobes do not contain superoxide dismutase and are killed in air, suggesting a crucial role for the enzyme in the evolution of life as atmospheric oxygen built up. The cleavage of DNA induced by the superoxide radical was completely suppressed by even nanomolar levels of superoxide dismutase, as well as catalase. However the-vitamin C induced cleavage was unaffected by superoxide dismutase even at 1000 times the level used for suppression of superoxide cleavage. It seemed unlikely that the hypothesized mechanism of vitamin C giving up an electron to oxygen was correct. Instead, as will now be shown, it appears that vitamin C and superoxide can both give rise to hydroxyl radicals generated from hydrogen peroxide produced in the reactions and it is the hydroxyl radical which is directly responsible for DNA strand scission.
ASSAY FOR DNA STRAND BREAKAGE
The assay exploits the enhancement of ethidium fluorescence when it intercalates duplex DNA and the renaturability of ccc DNA after heat de-28 naturation at pH 12.
The details of the assay are outlined in the legend to (2)
This would account for the observation that both superoxide dismutase and catalase prevent '01 cleavage of DNA. As a further test of this postulated mechanism it was found that "OH scavengers inhibited the cleavage of DNA by '0~ ( Table 1 ) and also that when low levels of H 2 O 2 were added to the reaction, DNA cleavage was stimulated ( Figure 2 ) . However, at higher levels of H_0_ the cleavage of DNA was diminished overall, possibly by inactivating xanthine oxidase or by competing free radical decay pathways. ^-^2 a^o n e S i presumably by attack on the C, or C, H's with production of a DNA radical M.
-.
• tWot.d superoxide dismutase has no effect even at micromolar levels, a thousand times that used in the superoxide studies (Figure 4 ).
Cupric ions have been observed to stimulate the vitamin C cleavage reaction 7 8 ' as has been confirmed. Figure S shows that DNA is cleaved efficiently Figure 4 . The inhibition of the vitamin C induced ccc DNA cleavage in the presence of catalase. The reaction mixture was as for Figure 3 except that aerated water was used for solutions. The cleavage of DNA was followed as previously, o o and was the same even at 1 mg/ml of added superoxide dismutase. In the presence of bovine catalase (crystalline, obtained from Sigma Chemical Co.) at 1.25 yg/ml there was essentially no cleavage. The slight apparent cleavage at 1.5 hours is real and corresponds to an impurity (possibly a nuclease) in the catalase since at higher levels of catalase the DNA was shown to be cleaved in the absence of vitamin C. units/ml of catalase 60% remained. This suggests that catalase has no marked protective effect even at rather high levels against *0H. This confirms that whereas '0_ decomposition by dismutation is relatively slow because of the 
